Although psychostimulants including amphetamine, methylphenidate and methamphetamine (MAMP) induce hyperlocomotion in normal subjects, they have long been recognized to have a distinct calming effect in hyperactive children, and now psychostimulants are commonly used first-line treatment of attention-deficit/hyperactivity disorder (ADHD). However, the pharmacology underpinning the treating effects of psychostimulants remains obscure. [1] [2] [3] 728 Psychostimulants induce hyperlocomotion in normal subjects, although, they are effective in producing a calming effect in hyperactive subjects. This paradoxical effect has been related to changes in serotonin (5-HT) neurotransmission in hyperactive dopamine transporter-knockout mice. In addition, we observed that hyperlocomotion in mice lacking pituitary adenylate cyclase-activating polypeptide was attenuated by amphetamine dependent on 5-HT 1A receptor signaling and that amphetamine, when co-administered with a 5-HT 1A agonist, produced a calming effect in wild-type mice. Here, in an attempt to address how 5-HT 1A receptor signaling exerts the calming action of psychostimulants, we examined c-Fos expression in several brain regions after administration of methamphetamine and osemozotan, a selective 5-HT 1A receptor agonist. The number of c-Fos-positive cells was increased in the medial prefrontal cortex, striatum and nucleus accumbens in methamphetamine (3 mg/kg body weight)-injected mice. Osemozotan (1 mg/kg) significantly reduced the methamphetamine-induced c-Fos expression in the medial prefrontal cortex and striatum, but not in the nucleus accumbens. This osemozotan action was completely blocked by the 5-HT 1A receptor antagonist WAY-100635 (1 mg/kg). As the prefrontal cortex is considered to be involved in the beneficial actions of psychostimulant medications for attentiondeficit/hyperactivity disorder, the present result showing 5-HT 1A -mediated inhibition of corticostriatal activity may partly be related to this psychostimulant action.
In dopamine transporter knockout mice, it has been shown that psychostimulants such as amphetamine produce a paradoxical calming effect on locomotion and that this paradoxical effect is related to changes in serotonin (5-HT) neurotransmission. 4) Previously we demonstrated that mice lacking pituitary adenylate cyclase-activating polypeptide (PACAP), a neuropeptide with pleiotropic activities, 5) exhibit marked phenotypes including a high early mortality rate before weaning, hypophagia and leanness, as well as behavioral abnormalities, such as novelty-induced locomotor hyperactivity and intense jumping behavior. [6] [7] [8] Interestingly, the hyperactive behavior was paradoxically ameliorated by amphetamine and this antihyperkinetic effect of amphetamine was completely blocked by the 5-HT 1A (5-HT 1A ) receptor antagonist WAY-100635. 7) In PACAP-deficient mice, c-Fos-positive neurons were increased in the prefrontal cortex compared with wild-type mice when treated with amphetamine. This observation suggests increased inhibitory control by prefrontal neurons in these mutant mice, as the prefrontal cortex is implicated in the pathophysiology of behavioral dysregulation. 9) In an attempt to address how 5-HT 1A receptor signaling exerts the calming action of psychostimulants, in the present study, we examined c-Fos expression in several brain regions as a marker of neuronal activity to define the pattern of neurons excited after administration of MAMP and the selective 5-HT 1A receptor agonist osemozotan (OSE) 10, 11) in normal Institute of Cancer Research (ICR) mice.
MATERIALS AND METHODS

Animals
All animal experiments were carried out in accordance with protocols approved by the Animal Research Committee of Osaka University. One hundred and twentyseven male Slc:ICR mice were obtained from Japan SLC (Shizuoka, Japan) at 6 weeks of age and were allowed to acclimate in our animal facility for at least 1 week before the initiation of experiments. All mice were housed in a temperature (23Ϯ1°C)-and light-controlled room with a 12-h light/12-h dark cycle (lights on from 08:00 to 20:00) and allowed free access to water and a standard diet.
Drugs MAMP (Dainippon Pharma, Osaka, Japan) was dissolved at a concentration of 0.3 mg/ml in saline (0.9% NaCl solution) and injected intraperitoneally at a dose of 3 mg/kg body weight just before the test began. OSE (previously called MKC-242 and also known as MN-305; (S)-5-[3-[(1,4-benzodioxan-2-ylmethyl)amino]propoxy]-1,3-benzodioxole HCl; Mitsubishi Tanabe Pharma Co., Yokohama, Japan) was suspended at a concentration of 0.1 mg/ml in 0.5% carboxymethylcellulose (Nakalai Tesque, Kyoto, Japan) and injected intraperitoneally at a dose of 1 mg/kg body weight 10 min before the test. WAY100635 (N-(2-[4-(2methoxyphenyl)-1-piperazinyl]ethyl)-N-(2-pyridinyl)cyclohexanecarboxamide; Sigma-Aldrich Inc., Tokyo, Japan) was dissolved at a concentration of 0.2 mg/ml in saline and injected subcutaneously at a dose of 1 mg/kg body weight before the test began.
Immunohistochemistry Two hours after drugs were injected, mice were deeply anesthetized with pentobarbital (40 mg/kg intraperitoneally), perfused transcardially with saline followed by paraformaldehyde (4%) in phosphatebuffered saline (0.1 M). Frontal sections (20 mm) containing the medial prefrontal cortices (prelimbic cortex and infralimbic cortex) at ϩ1.42 mm from the bregma, the dorsomedial striatum at ϩ1.10 mm from the bregma, and the nucleus accumbens at ϩ0.98 mm from the bregma 12) were dissected and processed for immunohistochemistry with anti-c-Fos rabbit polyclonal primary antibody (Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.; 
RESULTS
OSE-Induced Decrease in the Number of c-Fos-Positive Cells Induced by MAMP in the Medial Prefrontal Cortex
and Striatum c-Fos expression was examined in the medial prefrontal cortex, striatum and nucleus accumbens 2 h after administration of 3 mg/kg body weight of MAMP together with or without 1 mg/kg of OSE (Fig. 1) . The number of c-Fos-positive cells was increased by 3 mg/kg MAMP in the three regions tested (Figs. 1a, (Fig. 1a ). WAY-100635 alone did not change the number of c-Fos-positive cells, suggesting that endogenous activation of 5-HT 1A receptors did not significantly contribute to c-Fos expression in the present conditions. Double-Immunohistochemical Study in the Medial Prefrontal Cortex To define the cell types responsible for the inhibitory effects of OSE, we conducted a double-immunohistochemical study in the medial prefrontal cortex (Fig. 2) . In MAMP-injected mice, c-Fos-positive cells were also NeuN positive ( Figs. 2a-d ), but were parvalbumin negative ( Figs. 2e-h) . The number of cells positive for c-Fos and NeuN were remarkably reduced by co-administration of MAMP and OSE (Fig. 2i) .
DISCUSSION
In the present study, we examined c-Fos expression and showed that OSE significantly decreased the number of c-Fos-positive cells induced by MAMP in the medial prefrontal cortex. In addition, in the striatum but not in the nucleus accumbens, the MAMP-induced increase in the number of c-Fos-positive cells was greatly reduced by OSE. We have recently demonstrated that OSE when co-administered with MAMP exerts a marked calming effect in mice (submitted elsewhere). These observations suggest that OSE-mediated inhibition of corticostriatal activity may be involved in the 5-HT 1A agonist-induced antihyperkinetic effects when co-ad- ministered with psychostimulants in mice and the beneficial effects of psychostimulants in hyperactivity disorders.
Here we employed MAMP (3 mg/kg) to induce c-Fos expression, which is a rather high dose of the drug. However, we confirmed that MAMP (1 mg/kg) significantly increased the number of c-Fos-positive cells, and that this increase tended to be reduced by OSE (1 mg/kg) (unpublished data). We examined c-Fos expression 2 h after drug injection, although the antihyperkinetic effects of 5-HT 1A agonists co-administered with psychostimulants were observed as early as 10 min after drug injection. Because the number of c-Fospositive cells at early time points (for example, 30 min or 1 h) was small, and sometimes close to that of the vehicle-treated group, we sacrificed the animals 2 h after drug injection. The c-Fos expression at that time should reflect the neuronal activation (or its inhibition) that occurs soon after drug injection.
In the medial prefrontal cortex, most c-Fos-positive cells were defined as NeuN-positive and parvalbumin-negative neurons that are likely pyramidal principal neurons, but not GABAergic interneurons. This result suggests that the stimulation of 5-HT 1A receptors expressed in GABAergic neurons in the prefrontal cortex 13) may not be involved in the ob-served antihyperkinetic effects. In support of this, we obtained data that GABA receptor inhibitors (flumazenil and bicuculline) did not affect the antihyperkinetic effects of OSE co-administered with psychostimulants (data not shown).
Since it has been demonstrated that c-fos mRNA expression is greatly increased by exposure to environmental novelty and this effect is not further increased by amphetamine in the frontal cortex, 14) we also examined the effects of a 5-HT 1A agonist on the c-Fos expression induced by novelty and found that the number of c-Fos-positive cells tended to decrease (unpublished data).
Gainetdinov and coworkers proposed that hyperkinetic behavior might be controlled through precise targeting of 5-HT receptors. 4) In support of this idea, it has been shown that 5-HT 1A agonists can attenuate psychostimulant-induced behavioral sensitization and increases in locomotor activity. [15] [16] [17] [18] The prefrontal cortex is considered to be involved in the beneficial actions of psychostimulant medications for ADHD [1] [2] [3] and dysregulation of this brain region has been postulated to lead to disinhibition in targets of the prefrontal cortex projection. 9) In hyperkinetic PACAP-deficient mice, we recently demonstrated that: 1) amphetamine-induced c-Fos expression was enhanced specifically in the prefrontal cortex; and 2) the antihyperkinetic effects of amphetamine were completely blocked by the 5-HT 1A antagonist WAY-100635. 7) The present results, taken together with those of earlier studies, indicate that 5-HT 1A -mediated inhibition of prefrontal and corticostriatal activity may be at least partly related to the beneficial actions of psychostimulant medications for ADHD.
